Introduction {#Sec1}
============

The rapidly growing plethora of low-dimensional materials stimulates interest in engineering materials systems that exhibit internal electric fields which, in turn, enable novel functionalities^[@CR1]^. Thin-films, heterostructures, superlattices, and multi-layers of complex oxides have long been considered a versatile platform for the design of quasi-two-dimensional (2D) materials in which electric fields can be induced by controlled synthesis of asymmetric interfaces^[@CR2],[@CR3]^. Interface-driven properties in such systems find their applications in oxide electronics^[@CR4]^, ferroelectrics^[@CR5]^, and catalysis^[@CR6]^ among others. For example, internal fields enable efficient splitting of electron-hole pairs and the formation of quasi-2D electron and hole gases. One of the well-known examples of such behavior is the formation of 2D electron gas at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SrTiO}_3$$\end{document}$ (LAO/STO) interface^[@CR7]^, while an observation of a 2D hole gas on the complementary STO/LAO interface was reported only recently^[@CR8]^. The existence of internal fields is often detected by performing transport measurements. However, these measurements alone do not capture the details of built-in potential profiles, which makes it challenging to quantitatively relate interfacial properties and near-interface defects and disorder. Yet, such insights are critical for the predictive design of functional materials. For example, tunneling measurements on the LAO/STO interface revealed the internal field of 80 meV/Å^[@CR9]^, which is much lower than the field (240 meV/Å) predicted by ab initio simulations for the digital interface structure^[@CR10]^, while only negligible field was found using x-ray photoelectron spectroscopy (XPS) measurements^[@CR11]^. These discrepancies indicate that electronic properties of polar interfaces are sensitive to structural and chemical inhomogeneities and suggest that information about these inhomogeneities can be deduced from the knowledge of the built-in potential profiles^[@CR12]^.

The band-edge profile in heterostructures is the variation of band-edge energy in the direction normal to the interface. In multi-layer structures, band-edge profiles comprise band bending within each layer and band offsets at the junctions of these layers. For well-understood and well-characterized semiconductor interfaces, such as those consisting of Group III--V semiconductors, potential profiles can be readily calculated using classical Poisson--Boltzmann approach^[@CR13]^ or the Schrödinger--Poisson method^[@CR14]^. However, for heterojunctions (HJ) involving complex oxides, the accuracy of such calculations is limited: a lack of detailed information on composition, the types of electrically active defects, and their spatial distribution^[@CR15]^ introduce uncertainties in the distribution of charge and the associated strengths and directions of electric fields.

The engineering of potential profiles and, accordingly, the design of physical structures that give rise to such profiles, is based on relationships between band offsets, lattice strain, deformation potentials^[@CR16]--[@CR18]^, relative positions of bulk band-edges^[@CR19]^ and the character of interatomic bonds^[@CR20]^. In spite of progress in this area, including the development of theoretical approaches to determine the innate band alignment between solids^[@CR21]^, quantitative characterization of the resulting potential profiles remains a challenge. Electronic transport measurements yield important data, such as carrier concentrations, mobilities and surface potentials. However, these measurements do not produce spatially resolved information needed to construct quantitatively accurate band-edge profiles^[@CR22]^.

A promising route to obtaining band-edge profiles is based on the analysis of core-level x-ray photoelectron spectra, particularly those measured with hard x-rays (HAXPES). Hard x-rays generate photoelectrons with larger attenuation lengths and, accordingly, capture band-edge profiles over longer length scales. This approach relies on the fact that core orbitals are highly spatially localized and their ionization potentials (binding energies) track with depth-dependent changes in the electrostatic potential^[@CR23]^. At the same time, core-level spectra contain contributions from all atomic planes across the probe depth of the measurement, rendering deconvolution of the measured signal into individual contributions from specific atomic planes a challenging problem.

In superlattices, this problem can be partially addressed using an approach known as standing wave XPS/HAXPES: by sweeping the incident angle at different x-ray energies, it is possible to selectively enhance photoemission signals from different regions of the superlattice^[@CR24]--[@CR28]^. However, this approach is not applicable to multilayer structures that lack well-defined periodicity in the off-interface direction.

Here we propose a method that does not require long-range periodicity and is well suited for single heterojunctions. Our method allows band-edge profiles to be extracted from only two core-level spectra, one from each side of a buried interface. We demonstrate this method using a prototypical complex oxide/semiconductor $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SrTiO}_3$$\end{document}$/Si HJ and HAXPES spectra excited with 6 keV x-rays^[@CR12]^ and discuss physical insight obtained for this system.Figure 1General approach to reconstructing band-edge profiles. (**a**) Core-level photoemission from each atomic plane contributes to the full XPS spectrum. (**b**) The spectrum $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta E_k$$\end{document}$ (**c**) and its intensity is attenuated according to the distance from plane *k* to the surface. The sign of the binding energy shifts $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta E_k$$\end{document}$ is determined by the gradient of the built-in potential. The simulated spectrum $\documentclass[12pt]{minimal}
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                \begin{document}$$I_{k}(E)$$\end{document}$ from all planes. The effect of the built-in potential on the spectrum is an asymmetric broadening. (**c**) The potential profile is reconstructed using $\documentclass[12pt]{minimal}
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                \begin{document}$$I_{k}(E)$$\end{document}$ to the measured spectrum. Figure 2Spectral fitting procedure schematic. Going from left to right, initial trial binding energy shifts $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta E_k$$\end{document}$ are randomly generated and assigned to each atomic plane *k*. The iteration loop, shown in the central panel, includes (i) ordering $\documentclass[12pt]{minimal}
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Results and discussion {#Sec2}
======================

Reconstructing band-edge profiles {#Sec3}
---------------------------------

Our approach to extracting the band-edge profile along the vertical direction is illustrated in Fig. [1](#Fig1){ref-type="fig"}. It is assumed that each atomic plane *k* ($\documentclass[12pt]{minimal}
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                \begin{document}$$k=1,2,\ldots$$\end{document}$) within the probe depth contributes to the heterojunction spectrum *I*(*E*) and that each contribution $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {p}_{3/2}$$\end{document}$ photoemission in the STO/Si heterojunction. (**a**) Comparison of the simulated and experimental spectra demonstrates that a better fit is obtained for the potential bending up (red) toward the surface than for the potential bending down (blue). The $\documentclass[12pt]{minimal}
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To avoid such unphysical solutions, we define first differences between the values of the peak binding energies ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sim$$\end{document}$ 0.035. In other words, Si 2p binding energy discontinuity is necessary to reproduce the experimental HAXPES spectrum. While it is known that internal interfaces often result in band offsets which can manifest themselves as discontinuities of potential *V*(*z*), there is neither evidence for nor expectations that such discontinuities exist in the Si substrate at the distance of $\documentclass[12pt]{minimal}
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                \begin{document}$$I_k$$\end{document}$(Si) deep in the Si substrate are nearly independent on the plane number *k* and they are not affected by the smoothness parameters *p* and *m* (Fig. [4](#Fig4){ref-type="fig"}e,f). Therefore, we conclude that the good fit obtained for the downward band bending is fortuitous and it is only achievable by introducing artificial discontinuity in the binding energy profile deep in the Si substrate. In contrast, the band bending profile obtained for the upward bending case is consistent with asymptotic convergence of the potential with the distance from the interface.

Band offsets at the STO/Si(001) heterojunction {#Sec5}
----------------------------------------------

Having established that the Ti 2p and Si 2p binding energy profiles with upward band bending near the surface yield high-quality and physically-reasonable fits of the corresponding experimental spectra, we now consider other aspects of the STO/Si heterojunction electronic structure. Continuity of the electric displacement across the interface places restrictions on the potential gradients in the two materials: the relationship$$\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon _{STO} \approx$$\end{document}$ 30. This value is consistent with the range of the dielectric constants proposed for MBE-grown thin STO films on Si(001)^[@CR33]^.

We can now use these data to construct valence band (VB) and conduction band (CB) edge profiles for the heterojunction region. Experimental measurements show that the top of the VB in bulk STO is 455.76 eV above the Ti 2$\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {p}_{3/2}$$\end{document}$ peak energy. Subtracting these values from the associated binding energy profiles yields the VB edge profiles within the STO and Si. Moreover, subtracting the bulk band gaps (3.25 eV for STO^[@CR34]^ and 1.12 eV for Si) from the VB band-edge profiles yields the CB band-edge profiles. The resulting band alignments are shown in Fig. [5](#Fig5){ref-type="fig"}a. We note that a similar VB band-edge profile (Fig. [S4](#MOESM1){ref-type="media"}) was obtained by fitting the Sr 3d HJ spectrum and shifting the resulting core-level energy profile by the energy difference between Sr 3$\documentclass[12pt]{minimal}
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To corroborate these results, we note that an electronically significant concentration of in-diffused oxygen impurities was detected in Si by secondary ion mass spectrometry (SIMS)^[@CR12]^. The band alignment shown in Fig. [5](#Fig5){ref-type="fig"}a suggests that itinerant electrons in the Si originating from these oxygen donors would drift across the interface into the STO conduction band. This charge transfer bends the Si bands upward to a sufficiently large extent ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sim$$\end{document}$ 1 eV) that a hole gas forms on the Si side of the interface, which is consistent with experimental transport measurements reported elsewhere^[@CR12]^. Continuity of the electric displacement across the interface requires that the STO bands also bend upward away from the interface.
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                \begin{document}$$\sim$$\end{document}$ 10 atomic planes) depletion width in the Si substrate, as seen in Fig. [5](#Fig5){ref-type="fig"}a, suggests that Si in the vicinity of the STO/Si interface is no longer intrinsic but, instead, contains a high concentration of charge carriers. Secondary ion mass spectrometry analysis of this region shows significantly higher concentration of oxygen than what is typically found in Czochralski-grown *i*-Si^[@CR12]^. We propose that this oxygen diffuses into the Si during the epitaxial growth of STO and acts as a shallow donor. The donated electrons drift into the STO, leaving behind a relatively high concentration of ionized donors, and result in a small depletion width^[@CR22]^.

The band-edge profiles extracted from the HAXPES data (Fig. [5](#Fig5){ref-type="fig"}a) can be validated against transport measurements for this system^[@CR12]^. In particular, the measurements indicate the presence of a dead layer in the STO for temperatures below 300 K, which consistent with surface depletion. The measurements also point to the presence of a hole gas in the Si at temperatures above 300 K, which is consistent with the large, sharp upward band bending on the Si side of the interface. In addition, the magnitude of the band bending extracted from the Hall-effect data (0.9 eV) is in good agreement with that determined from our fitting (0.98 eV).

It is instructive to consider a hypothetical scenario in which the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {p}_{3/2}$$\end{document}$ (inset in Fig. [3](#Fig3){ref-type="fig"}a), and disregarding the discontinuity in the Si 2p profile at 123--125 atomic planes from the interface (Fig. [4](#Fig4){ref-type="fig"}c,d), may lead to a conclusion that band bending is downward in both materials. The band-edge profiles calculated for this scenario are shown in Fig. [5](#Fig5){ref-type="fig"}b. Interestingly, the STO dielectric constant extracted from Eq. ([5](#Equ5){ref-type=""}) for this case ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim$$\end{document}$ 34) is reasonable. However, it is clear that this band diagram represents a very different electronic structure from that shown in Fig. [5](#Fig5){ref-type="fig"}a. The bands bend sharply downward at both the Si side of the interface and the STO surface, suggesting that these regions might support two-dimensional electron gas (2DEG) states. If this were the case, the Hall-effect would be dominated by a high-mobility electron gas associated with the Si, rather than the hole gas that was observed in transport measurements^[@CR12]^. In other words, the band-edge profiles that do not satisfy our criteria for the highest quality of HAXPES fitting are also inconsistent with the results of the transport measurements.

The band-edge profiles obtained near normal emission can be cross checked using spectra obtained at lower take-off angles ($\documentclass[12pt]{minimal}
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                \begin{document}$$\theta$$\end{document}$ is sufficiently small to resolve additional effects associated with surfaces, it will affect the HAXPES line shape and, in turn, affect the potential profile in that region. Thus, performing measurements over a range of take-off angles in order to capture variation of the potential at increasing depth into the sample and resolve surface features is a useful reproducibility check.

The algorithm outlined in Fig. [2](#Fig2){ref-type="fig"} can be utilized in reverse in order to reconstruct the basis spectrum $\documentclass[12pt]{minimal}
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This procedure was used to reconstruct Ti 2$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {p}_{3/2}$$\end{document}$ HJ spectrum. In contrast, fitting the Ti 2$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {p}_{3/2}$$\end{document}$ HJ spectrum using the potential derived from the Sr 3d HJ spectrum results in an artificial peak at high binding energy. Similarly, extracting the Sr 3d basis line shape (Fig. [6](#Fig6){ref-type="fig"}e) from the potential derived from Sr 3d HJ spectrum produces an excellent match to the experimental basis spectrum. However, determining the Sr 3d basis spectrum using the potential derived from the Ti 2$\documentclass[12pt]{minimal}
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Finally, we examine whether additional insights can be obtained by strengthening or relaxing the fitting conditions. Comparison of the Si 2p fits for the downward and upward band bending (Fig. [4](#Fig4){ref-type="fig"}) suggests that fitting a specific spectrum $\documentclass[12pt]{minimal}
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Summary {#Sec6}
=======

We developed an algorithm for the detailed analysis of HAXPES data that allows one to decompose measured heterojunction core-level spectra into contributions associated with individual atomic planes and extract accurate band-edge profiles. While the algorithm utilizes as many variable parameters as there are atomic layers containing the photo-emitting atoms, the range of acceptable values for each of these parameters is constrained by the condition of monotonic behavior of the built-in potential, as well as by conditions of continuity of the potential and its derivatives. These physically meaningful constraints allow for an efficient spectral fitting procedure, even if the probe depth includes several hundred lattice planes.

The utility of this algorithm to reveal the detailed *z*-dependence of the electric potential is demonstrated for 12 nm $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {SrTiO}_3$$\end{document}$/Si (001). The results of this analysis are fully consistent with transport measurements conducted independently^[@CR12]^. We also demonstrate that not carefully scrutinizing the quality of the spectral fit, e.g., dismissing discontinuities in the band-edge profile far from the interface, can lead to the wrong conclusion about the sign of the potential gradients across the heterojunction and incorrect, even if internally consistent, prediction of the electronic structure.

Detailed band-edge profiles of the kind extracted from HAXPES data using the algorithm presented here cannot be directly determined with this level of detail by any other means at present. Therefore, XPS and HAXPES, correctly interpreted, are highly complementary to transport methods to gain deep understanding of the electronic structure heterostructures for a variety of semiconductors. While we have illustrated the power of this method for the prototypical complex oxide/Group IV semiconductor interface STO/Si(001), there are no constraints that would limit applying this approach to any other class of semiconductor heterojunction.

Finally, we note that the ability to map band-edge profiles is especially important if there is no *a priori* knowledge of the direction that electronic charge will flow upon junction formation. This is the situation for heterostructures involving materials such as complex oxides because complex oxides can contain electrically active defects that trap charge and generate internal electric fields not anticipated by the design of the material system^[@CR35]^. The formation of such defects can be driven by non-equilibrium synthesis conditions which, in turn, underscores the challenges of predicting band bending and band offsets on the basis of equilibrium theoretical models alone.
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